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ABSTRACT
The greenhouse gas methane mainly regulated by microbial processes.
Methanogenic archaea, a major biological source of methane, are a diverse group of
organisms that produce methane as a metabolic byproduct. The generation of methane
takes place in diverse anoxic environments using CO2 and other reduced substrates. The
release of methane into oxic environments often is regulated by methanotrophic
Proteobacteria and Archaea, specialized groups of bacteria that use methane as sole
sources of carbon and energy. These organisms can play major roles in the regulation of
methane transport into the atmosphere and make up one part of the methane cycle. Pools
of are methane thought to be sequestered from interacting with the global methane cycle
may exist beneath the world’s glaciers and ice sheets. These environments are cold, dark,
and anoxic. Thereby these environments would be suitable for the growth and
metabolism of methanogenic bacteria.
Subglacial environments harbor active microbial ecosystems that potentially
impact biogeochemical cycling and contribute significantly to global iron, sulfur, and
carbon cycles. Recent molecular and biogeochemical evidence has suggested that
subglacial environments are sources of the greenhouse gas methane. Here we present
molecular and geochemical evidence of microbially derived subglacial methane being
released at sites of subglacial discharge from a glacial terminus near Kangerlussuaq,
Greenland. Dissolved methane in subglacial discharge was measured in samples collected
during the summer of 2012 and ranged from 0.97 to 85 µM; δ13CH4 values for the
methane indicated a biological origin. Duplicate samples that were not killed at time of
collection showed depleted methane concentrations and heavy enrichment in δ13CH4 after
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four months of 4°C incubation. Molecular evidence, in the form of reverse transcribed
pmoA mRNA and 16S rRNA, for active methanotrophs and recently active methanogens
was found in these samples. Furthermore, a return visit to the subglacial site the
following year provided additional evidence of an active methanotrophic community
based on time series incubations (methane oxidation rates of 0.31 μM day-1). These data
provide the first evidence suggesting that active microbial oxidation of subglacial
methane is occurring at the western margin of the Greenland Ice Sheet.
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CHAPTER 1.
AN OVERVIEW OF THE METHANE CYCLE
AND ITS LINKAGE TO SUBGLACIAL ENVIRONMENTS
Why is methane important?
While CO2 rightfully receives much of the attention in the global warming debate,
it is not the only greenhouse gas of importance. The third most important greenhouse gas,
methane (CH4), has 25x the greenhouse warming potential of CO2. CH4 is relatively short
lived in the atmosphere with a global lifetime of approximately 9 years and a perturbation
lifetime of approximately 12 years (Denman et al 2007, Forster et al 2007). However, this
short lifetime has a limited capacity to mediate atmospheric CH4 concentrations,
especially in light of constant efflux from natural and anthropogenic sources (Denman et
al 2007). Natural sources of CH4 are mostly biogenic (e.g. wetlands, termites, oceans, and
permafrost) but also include geothermal activity. Anthropogenic sources include fossil
fuel burning, agriculture, and waste treatment (Denman et al 2007, O'Connor et al 2010).
Though anthropogenic sources as a whole contribute the most to atmospheric CH4
concentrations, wetlands are actually the largest single source of atmospheric CH4.
Wetlands contribute ~220 Tg CH4 yr-1 to the atmospheric CH4 budget, while the next two
largest contributors, agriculture and waste treatment, combined contribute ~200 Tg CH4
yr-1 (Kirschke et al 2013).
The current atmospheric concentration of CH4 is ~1.8 ppm, which is at least 2.25
fold higher than pre-industrial concentrations (Dlugokencky et al 2011). Paleoclimatic
records encompassing the past 800,000 years show that during this period atmospheric
CH4 concentrations oscillated from high (~800 ppb) to low (~350 ppb) concentrations
during interglacial and glacial periods, respectively (Loulergue et al 2008, Spahni et al
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2005). These fluctuations have been attributed to the release of marine and permafrost
CH4 hydrates, or the expansion of tropical and boreal wetlands (Dällenbach et al 2000,
Fischer et al 2008, Nisbet 1990, Petrenko et al 2009). The warming due to these CH4
releasing events is then thought to have contributed to a positive feedback that led to the
further release of CH4 either through the additional destabilization of hydrates, wetland
expansion and increased metabolic activity. This has raised concerns about the fate of the
current stock of marine and permafrost CH4 hydrates as well as methane production
associated with wetlands, and permafrost (Archer 2007, Khvorostyanov et al 2008,
O'Connor et al 2010, Rivkina et al 2004).
Biogenic methane sources
Most of the CH4 released into the atmosphere is the ultimate end product of
anaerobic decomposition of organic matter. This process is the result of syntrophic
interactions between fermentative bacteria and methanogenic archaea (Morris et al 2013).
In anaerobic environments complex organic compounds (e.g. polysaccharides, proteins,
nucleic acids, and lipids) are hydrolyzed and fermented into substrates suitable for
methanogenesis (e.g. H2, CO2, formate, acetate). These fermentation end products are
consumed by methanogens, thereby reducing the free energy of the fermentation reaction.
This facilitates energy production for the fermenting microbes and further provides
necessary substrates for the methanogens (Morris et al 2013).
The archaea responsible for the production of CH4 make up a diverse polyphyletic
group within the phylum Euryarchaeota (Luo et al 2009). Five orders of methanogens
(Methanopyrales, Methanosarcinales, Methanomicrobiales, Methanobacteriales, and
Methanococcales) have so far been described and are briefly reviewed here. The most
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deeply rooted order, Methanopyrales, currently is only represented by one cultivated
species that was isolated from the walls of a deep sea hydrothermal vent (Liu 2010b,
Thauer et al 2008). This order produces CH4 via CO2 reduction with H2, and can grow
between temperatures of 84°C to 110°C with an optimum at 98°C (Liu 2010b). This
order has a GC content of 60% (Garcia et al 2006).
The most recently branching methanogen order, Methanosarcinales, can be found
in freshwater and marine sediments, ungulate rumens, animal feces, sewage digesters and
deep subsurface environments such as gold mines (Kendall and Boone 2006, Thauer et al
2008). Species within this group can use acetate, methylated compounds (e.g. methanol,
monomethylamine, dimethylamine, trimethylamine, and dimethylsulfide) , or H2, and
CO2 as precursors to CH4 production. The use of acetate and methylated compounds are
unique to this order, with the exception of the genus Methanosphaera, within the order
Methanobacteriales, which grows exclusively from the oxidation and reduction of
methanol (Bonin and Boone 2006, Kendall and Boone 2006). Methanosarcinales
includes psychrotolerant, mesophilic, and thermophilic members, with some species
growing at temperatures as low as 1°C and as high as 70°C (Kendall and Boone 2006).
Methanomicrobiales can be found inhabiting freshwater and marine sediments,
ungulate rumens, and sewage digesters (Garcia et al 2006). In addition to these
environments members of Methanomicrobiales have also been found living as symbionts
within anaerobic protozoa. Methanogenic substrates preferred by members of this order
are H2, formate, alcohols (e.g. ethanol, 1-propanol, 2-propanol, 2-butanol, and
cyclopentanol), and CO2. Growth temperatures range from 0°C to 60°C, and GC content
for Methanomicrobiales species range from 38% to 61% (Garcia et al 2006).
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Phylotypes of the order Methanobacteriales have been typically isolated from
freshwater and marine sediments, sewage digesters, rice paddy fields, subsurface
environments, groundwater, and gastrointestinal tracts of animals, but have also been
found as endosymbionts of protists, particularly the ciliate Metopus striatus (Bonin and
Boone 2006). Preferred substrates for CH4 production by this order are H2, CO, formate,
alcohols, and CO2. Growth temperatures tolerated by Methanobacteriales species range
from as low as 15°C to as high as 97°C. The GC content for members of this order range
from 23% to 61% (Bonin and Boone 2006).
Unlike the other methanogen orders, Methanococcales has only been isolated
from marine environments. Species of this order require NaCl for optimal growth, and
some species can tolerate NaCl concentrations as high as 9.6% (Whitman and Jeanthon
2006). Production of CH4 by this group is carried out via CO2 reduction using either H2
or formate (Liu 2010a). Growth for some of these species can occur at temperatures as
low as 17°C and as high as 92°C (Liu 2010a, Whitman and Jeanthon 2006). Members of
this order have GC content ranging from 30% to 33%.
Pathways of methanogenesis
Methanogenesis can proceed via three pathways; CO2 reduction
(hydrogenotrophic), acetate cleavage (acetoclastic), and methyl-group dismutation.
Approximately one-third of atmospheric CH4 is derived from CO2 reduction, while
acetoclastic methanogenesis contributes the remaining two-thirds (Ferry 2010). Methyl
group dismutation generates only a minor fraction of the CH4 released to the atmosphere
(Ferry 2010). These pathways differ from one another by the substrates used and
biochemical pathways leading up to the formation of methyl-tetrahydromethanopterin
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(CH3-H4MPT) (Hedderich and Whitman 2013). All subsequent reactions are shared by
the three pathways.
The CO2 reduction pathway uses H2, formate, alcohols, or CO as sources of
electrons for the reduction of CO2 to CH4. The first step of this pathway is the reduction
of CO2 to formyl-methanofuran (CHO-MFR) (Hedderich and Whitman 2013). This is an
endergonic reaction catalyzed by formylmethanofuran dehydrogenase (Fmd) using
electrons from H2 carried by a reduced ferredoxin. The formyl group from CHO-MFR is
then transferred to H4MPT, by formyl-MFR:H4MPT formyltransferase (FTr), forming
CHO-H4MPT. CHO-H4MPT is then converted to methenyl-H4MPT (CH≡H4MPT) by
methenyltetrahydromethanopterin cyclohydrolase (Mch), followed by reduction to
methylene-H4MPT (CH2=H4MPT) (Ferry 2010). This reduction is carried out by one of
two enzymes, an F420 dependent methylenetetrahydromethanopterin dehydrogenase (Mtd)
or an F420 independent H2-forming methylenetetrahydromethanopterin dehydrogenase
(Hmd), using either reduced F420 or H2 as the electron source, respectively (Ferry 2010,
Shima et al 2002). CH2= H4MPT is finally then reduced to CH3-H4MPT, catalyzed by
methylenetetrahydromethanopterin reductase (Mer) and reduced F420.
Acetoclastic methanogenesis utilizes acetate as the source of reducing power and
for the generation of the electron acceptor. The initial step is the phosphorylation of
acetate by acetate kinase and ATP. The next step, catalyzed by phosphotransacetylase, is
to transfer acetate to coenzyme A thereby forming acetyl-CoA (Ferry 2010). The acetyl
group is then transferred to tetrahydrosarcinapterin (H4SPT, an acetoclastic analogue to
H4MPT) and the carbonyl group oxidized to CO2 by acetyl-CoA decarbonylase/synthase
(ACDS). The electrons released from the oxidation of the carbonyl group are transferred
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to ferredoxin and used in the final steps of methanogenesis (Ferry 2010). The final
product of these reactions is CH3-H4SPT, which enters into the common steps of
methanogenesis.
The methyl group dismutation pathway makes use of methylated substrates such
as methanol, monomethylamine, dimethylamine, trimethylamine, tetramethylammonium,
methanethiol, and dimethylsulfide. Each substrate has a specific methyltransferase
system comprised of two methyltransferases and a substrate-specific corrinoid protein
(Hedderich and Whitman 2013). The first methyltransferase of each system acts to
transfer the substrate methyl group to the corrinoid protein, which is followed by the
second methyltransferase transfering the methyl group to coenzyme M (HS-CoM) to
form methyl-CoM (CH3-CoM). An exception to this is the metabolism of methanethiol
and dimethylsulfide where both substrates are acted upon by the same methyltransferase
system and both transfer reactions are catalyzed by the same methyltransferase subunit
(Hedderich and Whitman 2013). From this point the CH3-CoM will either proceed
through reductive steps to form CH4, or proceed through the oxidation steps of the
reverse CO2 reduction pathway. Electrons released from the methyl group oxidation are
subsequently used in the reductive steps that lead to CH4 formation.
All of the steps described above for CO2 reduction, acetate cleavage, and methyl
group dismutation lead up to the following reactions which are common to all
methanogens. Three steps comprise this final leg of methanogenesis. The first is the
transfer of the methyl group from CH3-H4M(S)PT to HS-CoM by the methylH4M(S)PT:coenzyme M methyltransferase (Mtr),forming CH3-CoM (Ferry 2010). The
remaining two steps are reductive steps which begin with the reduction of CH3-CoM with
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coenzyme B (HS-CoB) to form the heterodisulfide CoM-S-S-CoB and CH4, catalyzed by
HS-CoM reductase (Mcr). The terminal step is the reduction of CoM-S-S-CoB by
heterodisulfide reductase (Hdr) and electrons exiting from the electron transport chain
(Ferry 2010).
Biogenic methane sinks
The lifetime of atmospheric CH4 is largely dependent on the strength of
environmental sinks. The largest sink is OH free radical oxidation, responsible for
consuming approximately 90% of oxidized atmospheric CH4. The majority of this
oxidation occurs in the troposphere alongside other minor sinks such as marine chlorine
radicals (~3% of CH4 oxidation) and methanotrophic bacteria (~4% of CH4 oxidation)
(Kirschke et al 2013). The contribution of methanotrophic bacteria in comparison to OH
radical oxidation is quite small, but is of particular interest. This group of bacteria is
specialized for use of CH4 as a sole carbon and energy source. Methanotrophs can be
found in a diverse spectrum of environments from lacustrine and marine sediments and
water columns to forest soils, landfills, tundra, volcanic mud, and as symbionts in deepsea invertebrates (Murrell 2010). As most methanotrophs are obligate aerobes, they are
often found at oxic-anoxic interfaces near sources of CH4. In these settings they act as
major regulators for the release of CH4 into the atmosphere; in some cases they are
responsible for oxidizing as much as 90% of the in situ CH4 production (Hanson and
Hanson 1996, Segers 1998).
In 1906, Nicolaas Söhngen described the first isolated methanotroph, Bacillus
methanicus (Söhngen 1906). For many years afterwards methanotrophs received little
attention until Whittenbury et al.(1970) laid down the ground work to classify

7

methanotrophs, and established the Type I and Type II system currently used for
classification. This classification system conveniently reflects the phylogeny and
physiology of two distinct groups of methanotrophs, the γ-Proteobacteria and the Proteobacteria (Hanson and Hanson 1996). These two groups are not the only
methanotrophs, however, they are the most commonly studied. Other methanotrophs
include the members of the Verrucomicrobia phylum, Methylomirabilis oxyfera of the
NC10 phylum, and uncultured archaea known as anaerobic methanotrophs (ANME)
related to Methanosarcinales and Methanomicrobiales (Ettwig et al 2010, Knittel and
Boetius 2009, Op den Camp et al 2009, Reeburgh 2007). Methylomirabilis oxyfera and
members of the ANME groups are capable of anaerobic CH4 oxidation, a process which
has only been known to exists since the 1970s (Reeburgh 2007).
Methanotrophic γ-Proteobacteria, or Type I methanotrophs, belong to the order
Methylococcales with 12 genera found in two families, 11 belonging to
Methylococcaceae (genera; Methylococcus, Methylocaldum, Methylomicrobium,
Methylosphaera, Methylomonas, Methylobacter, Methylosarcina, Methylothermus,
Methylohalobius, Methylosoma, and Crenothrix) and one to Crenotrichaceae (genus;
Clonothrix) (Dedysh 2009, Shukla et al 2012, Stoecker et al 2006). The distinguishing
morphological character that separates methanotrophic γ-Proteobacteria from
methanotrophic -Proteobacteria is the particular arrangement of internal membranes.
Internal membranes of methanotrophic γ-Proteobacteria are typically arranged in bundles
of vesicular disks stacked perpendicular to the cell envelope (Hanson and Hanson 1996).
Another trait common to all Type I methanotrophs is the use of the ribulose
monophosphate pathway (RuMP pathway) for CH4 carbon assimilation. Type I
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methanotrophs typically contain the phospholipid fatty acids (PLFAs) 14:0, 16:1ω7c, and
16:1ω5t. The GC content for this group ranges from 49% to 60%. Some species within
this group are capable of forming cysts, and no species has demonstrated the ability to fix
nitrogen (Hanson and Hanson 1996).
Type II methanotrophs (methanotrophic -Proteobacteria) belong to the order
Rhizobiales with four genera divided evenly between families Methylocystaceae (genera;
Methylocystis and Methylosinus) and Beijerinckiaceae (genera; Methylocella and
Methlocapsa) (Dedysh 2009, Dunfield 2007). Distinguishing features of Type II
methanotrophs are internal membranes arranged along cell peripheries oriented parallel to
the cell envelope and the use of the serine pathway for carbon assimilation from CH4
(Hanson and Hanson 1996). Some species can form exospores or cysts and have the
ability to fix nitrogen. The common PLFA of this group is 18:1ω8c and GC content
ranges between 62% and 67%.
Both Type I and Type II methanotrophs have uncultivated members that are
known only from environmental sequences of 16S ribosomal RNA (rRNA) gene and the
particulate methane monooxygenase subunit A (pmoA) gene which codes for the small
subunit of the enzyme central to CH4 oxidation, the particulate methane monooxygenase
(pMMO). Efforts to identify and characterize these uncultivated groups only began when
upland soils were observed to consume CH4 at atmospheric concentrations with affinities
several orders of magnitude stronger than pure methanotroph cultures (Dunfield 2007).
This difference in observed affinities led to the hypothesis that a group of uncultured
oligotrophic methanotrophs with high affinities for CH4 were responsible for the
oxidation at atmospheric concentrations that was detected in soils. This has been
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countered with the proposal that the oxidation observed in soils may in fact be due to a
high affinity pMMO isozyme that is expressed under oligotrophic conditions. Such an
isozyme has been observed to express following periods of starvation in cultured
Methylocystis spp. (Baani and Liesack 2008, Dunfield and Conrad 2000). However
phylogenetic and taxonomic studies of CH4 consuming soils using stable isotope probing
supports the existence of the uncultivated methanotrophs (Henckel et al 2000, Holmes et
al 1999). The pmoA phylogenies of these uncultivated methanotrophs suggest the
presence of at least four major clusters. These are the upland soil cluster  (USC,
related to -Proteobacterial sequences), upland soil cluster γ (USCγ, related to γProteobacterial sequences), Methylocystis spp., and cluster I (Dunfield 2007, Kolb
2009).
Prior to 2007 all known aerobic methanotrophs were members of the
Proteobacteria. This changed however when Dunfield et al (2007) and Pol et al (2007)
simultaneously published descriptions of newly isolated acidophilic methanotrophs
belonging to the phylum Verrucomicrobia. Another methanotrophich Verrucomicrobia
species was isolated the following year by Islam et al (2008). The discovery of these
isolates and analysis of their 16S rRNA gene phylogenies have suggested the need to
establish of a new genus (Methylacidiphilum), family (Methylacidiphilaceae), and order
(Methylacidiphilales) within Verrucomicrobia. These three isolates were cultured from
warm, acidic environments, and growth tolerances for these strains reflect this with
growth temperatures ranging between 37°C and 65°C, and pH ranges between 0.8 and
6.0. Unlike the methanotrophic Proteobacteria, Methylacidiphilum do not have stacked
internal membranes. Instead these strains have carboxysome-like structures. Oxidation of
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CH4 is carried out by pMMO and carbon is assimilated via a complete Calvin cycle. The
ability to fix nitrogen is present in two strains, GC content ranges between 41% and 46%.
Major PLFAs contained in these strains are, 14:0, i14:0, a15:0, 16:0, and. 18:0.
Anaerobic oxidation of methane (AOM) was first observed in the interstitial water
of marine sediments. The chemistry of these sediments showed a relationship between
the concentrations of CH4 and sulfate. It was observed that CH4 diffusing from deep
sediments was lost in the same sediment layers that sulfate concentrations were depleted
(Knittel and Boetius 2009, Reeburgh 2007). This gave rise to the idea that microbes may
be coupling methane oxidation with sulfate reduction. Since these early studies archaeal
lipid analysis, 16s rRNA gene sequence analysis, and fluorescent in situ hybridization
(FISH) have identified anaerobic methanotrophs (ANME) and sulfate reducing bacteria
(SRB) aggregating together in methane consuming anaerobic sediments (Knittel and
Boetius 2009). Phylogenetic characterization of ANME 16s rRNA and mcrA genes
shows this group is distantly related to Methanosarcinales and Methanomicrobiales.
Another form of anaerobic methane oxidation has been proposed, anaerobic methane
oxidation coupled to denitrification, and until recently was considered only theoretical.
Recent work has successfully enriched and isolated an organism belonging to the
uncharacterized NC10 phylum, Methylomirabilis oxyfera, capable of anaerobic methane
oxidation coupled with nitrite reduction (Ettwig et al 2009, Ettwig et al 2008, Ettwig et al
2010, Hu et al 2009, Raghoebarsing et al 2006).
Pathways of methanotrophy
The first and most characteristic step of aerobic methanotrophy is the oxidation of
CH4 to methanol by either the membrane bound pMMO or cytoplasmic soluble methane
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monooxygenase (sMMO) (Hanson and Hanson 1996). The pMMO is universal to all
aerobic methanotrophs with the exception of Methylocella silvestris, which possess only
sMMO (Murrell and Smith 2010). Many methanotrophs possess both forms of MMO but
it is not uncommon to find methanotrophs with only pMMO (Smith et al 2010). For
methanotrophs possessing both pMMO and sMMO, expression of the two is regulated by
copper concentration in the media. Copper is a cofactor for pMMO, and high copper
concentrations increase expression of pMMO and suppress sMMO. Low concentrations
of copper have the inverse affect, increasing sMMO while decreasing pMMO expression
(Hakemian and Rosenzweig 2007).
The oxidation of CH4 to CO2 is fairly well understood; however, the respiratory
electron transfer pathway is much more complicated and remains somewhat unclear. The
first step, oxidation of CH4 to methanol, requires a source of reducing power in order to
break the O-O bond of molecular oxygen (Hanson and Hanson 1996). This reducing
power can come from the metabolism of storage compounds or electrons released by
subsequent steps. Following the oxidation of CH4 to methanol is the oxidation of
methanol to formaldehyde by methanol dehydrogenase (Mdh). At this point
formaldehyde may either be assimilated into biomass (via RuMP or serine pathways) or
further oxidized sequentially to formate and CO2 by formaldehyde
dehydrogenase(FADH) and formate dehydrogenase (FDH), respectively (Anthony 1982,
Smith et al 2010, Trotsenko and Murrell 2008). A working model for the electron transfer
pathways suggests that electrons released during the oxidation of methanol to
formaldehyde are transferred to cytochrome c1 which then reduces cytochrome a,
supplying electrons to the terminal electron acceptor oxygen. The following oxidation of
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formaldehyde to formate transfers electrons to either ubiquinone-8 or NAD+. These
electrons then provide reducing power for Cytochrome b and pMMO or in the case of
NAD+, sMMO. The electrons released from the final oxidation step, formate to CO2, are
transferred to NAD+ (DiSpirito et al 2004).
Given how little is known about the AOM process and the difficulty of studying
it, it is not surprising that the biochemical pathways used by these organisms is still being
elucidated. Currently much debate centers around the mechanisms involved in the
syntrophic relationship between ANMEs and SRBs, however, the most commonly
accepted theory is that the ANME partner uses reverse methanogenesis to produce
electrons that are then transported to the SRB partner through an unknown intermediate
where they are then used for SO4 reduction (Knittel and Boetius 2009, Morris et al 2013,
Reeburgh 2007). For Methylomirabilis oxyfera the mechanism used to couple
denitrification with CH4 is much better characterized than for ANMEs and SRBs. The
current understanding of this pathway is that nitrite reductase acts to reduce two
molecules of nitrite (NO2) to nitric oxide (NO). These two molecules of nitric oxide are
then reduced to dinitrogen (N2) and O2. The oxygen is then used along with pMMO to
oxidize methane before entering a H4MPT pathway that is similar to the reverse CO2
reduction pathway used in methyl group dismutation in methanogens (Ettwig et al 2010).
Subglacial environments and their geochemical significance
It has been suggested that subglacial environments may be active habitats
harboring microbial communities supported by and participating in biogeochemical
processes. This includes the possibility of methanogenic communities that over long
periods of time may have accumulated large supplies of CH4 beneath the world’s glaciers
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and ice sheets (Wadham et al 2008, Wadham et al 2010). These environments are thought
to be anoxic and have been isolated from direct input for millions of years (Bottrell and
Tranter 2002, Wadham et al 2004, Wynn et al 2006). Due to concerns regarding the
pristine nature of these environments direct access of subglacial environments has been
limited. Therefore most research into these environments has been focused on proxies
such as deep ice cores, subglacial outflows, and sediment laden basal ice accessed at
glacier termini (Boyd et al 2010, Doyle et al 2013, Hamilton et al 2013, Miteva et al
2009). Microbial characterizations of these proxy environments suggest that subglacial
communities are dominated by β-Proteobacteria, Actinobacteria, and Firmicutes (Boyd
et al 2011, Christner et al 2001, Christner et al 2006, D'Elia et al 2008, Foght et al 2004,
Gaidos et al 2004, Hamilton et al 2013, Lanoil et al 2009, Stibal et al 2012a, Stibal et al
2012b, Yde et al 2010). It has been suggested that the community structure of these
habitats have been shaped by the underlying bedrock lithology, and the recalcitrant nature
of the organic carbon contained within the subglacial sediments (Mitchell et al 2013,
Skidmore et al 2005, Stibal et al 2012a). Geothermal conditions can shape subglacial
communities as well, as shown in the western Skaftá lake, a volcanic lake beneath the
Vatnajökull ice cap in Iceland. The dominance of Acetobacterium, Thermus,
Bacteroidetes, and ε-Proteobacteria appear to be driven by the chemistry and heat of the
geothermal water released from underlying volcanic rock (Gaidos et al 2008).
The microbes and biogeochemical processes occurring in these subglacial habitats
can potentially mobilize significantly large pools of elements that have been overlooked
in calculating relevant global budgets. Wadham et al (2012) calculate that at the time of
ice sheet formation Antarctic sedimentary basins contained as much as 21,000 Pg of
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carbon. While, Bhatia et al (2013) estimate the total annual flux of bioavailable iron from
the Greenland Ice Sheet into the North Atlantic Ocean is 0.3 Tg Fe yr-1, equivalent to the
dust derived iron that is supplied to the North Atlantic. Priscu and Christner (2004)
estimate that total cell numbers within and below the Antarctic ice sheet are nearly
equivalent to that of the world’s combined surface freshwater lakes and rivers. These
estimates significantly underpin how important these environments might be to global
budgets for such elements as carbon and iron.
Estimates of subglacial carbon, iron, and biomass demonstrate the magnitude with
which subglacial environments can impact global element cycling and provide the
impetus for hypotheses similar to that which was first proposed by MacAyeal and
Lindstrom (1990), that the atmospheric CH4 fluctuations observed in ice core records
from Antarctic and Greenland (Vostok, EPICA Dome C, and Dye 3) are the result of the
destabilization of CH4 clathrates stored in subglacial sediments (Loulergue et al 2008,
Raynaud et al 1988, Spahni et al 2005, Stauffer et al 1988). Several studies have modeled
the organic carbon and potential CH4 pools that would have existed beneath past and
current ice sheets (Wadham et al 2008, Wadham et al 2012, Weitemeyer and Buffett
2006). These models suggest that significant quantities of CH4 may exist in subglacial
environments, and episodic release of those pools would significantly impact the
atmospheric methane concentrations. Beneath the Antarctic ice sheet alone 400 Pg of
CH4 carbon have been predicted (Wadham et al 2012). These estimates are supported by
observations from subglacial sediments and deep ice core data. As well as elevated
methane concentrations that have been reported in two Greenland ice cores, Greenland
Ice Core Project (GRIP) and Greenland Ice Sheet Project 2 (GISP2), and refrozen
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borehole water from North Greenland Ice Core Project (NGRIP) (Christner et al 2012,
Miteva et al 2009, Souchez et al 1995). Methanogens and methanogenic activity have
also been detected in association with subglacial sediments (Boyd et al 2010, Skidmore et
al 2000, Stibal et al 2012b).
Subglacial CH4, for the most part, should be stored stably beneath glaciers and ice
sheets as CH4 hydrates due to the low temperatures and high pressures (MacAyeal and
Lindstrom 1990). However, during periods of melt conditions of the subglacial
environment can change, as these environments are largely controlled by subglacial
hydrology. This hydrology is governed by two types of drainage systems, the channelized
system and distributed drainage system (Tranter et al 2005). The channelized system is a
series of serpentine tunnels formed from supraglacial melt that cut through glacial ice and
into the glacier bed, quickly redirecting meltwater to the glacier terminus. These conduits
allow the transport of atmospheric gases and allochtonous nutrients into the subglacial
environment. Conversely the distributed drainage system is made up of water saturated
sediments, films, and water-filled cavities at the glacier/bed interface that are mostly
isolated from atmospheric gases and characterized by long periods of water retention and
slow water transit. The distributed network is thought to be mostly anaerobic due to the
biological and chemical consumption of oxygen which is mainly introduced when
conduits of the channelized system reach the glacial bed. Thusly the majority of
subglacial methanogenesis and CH4 hydrate accumulation is most likely to occur in the
distributed system due to anoxia. However, in instances where the channelized system
reaches the glacier bed, water from the distributed system can be recruited into the
channel and discharged from the glacier terminus (Hewitt 2011). This allows subglacial
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CH4 stored in the distributed drainage systems near the ice sheet margins to escape the
subglacial environment and contribute to the atmospheric methane budget.
Project aims
As the effects of global warming become more apparent and the Earth’s ice sheets
wither away it is ever more important to understand the impacts and implications of ice
sheet melting in marginal zones. As our understanding of how significant the
biogeochemistry occurring beneath the world’s glaciers and ice sheets increases, it also
becomes increasingly important to understand the regulating factors that surround the
release of these geochemical reservoirs. Presented in the following chapter is the first
documented evidence of the efflux of subglacial methane from beneath the Greenland Ice
Sheet during periods of seasonal melt. These data are coupled with the molecular and
biogeochemical evidence of an active methanotrophic community associated with
subglacial systems. Together these data provide compelling evidence for the existence of
a subglacial methane cycle associated with the southwestern margin of the Greenland Ice
Sheet.

17

CHAPTER 2.
MOLECULAR INVESTIGATION OF METHANOGENS AND
METHANOTROPHS: ASSESSING THEIR ROLES IN A SUBGLACIAL
METHANE CYCLE
Introduction
The greenhouse gas methane, responsible for up to 15% of the global warming to
occur between 1880 and 1980, has 25x the global warming potential of the major
greenhouse gas CO2 (Badr et al 1991, Forster et al 2007). Currently global atmospheric
methane concentrations average around 1.77 ppm (Forster et al 2007). However,
paleoclimatic records from ancient ice cores indicate that over the past 800k years
atmospheric methane concentrations were much lower and varied around 350 ppb during
glacial periods with abrupt increases to around 800 ppb during interglacial periods
(Forster et al 2007, Loulergue et al 2008, Petit et al 1999, Spahni et al 2005). Modeling
conducted by Weitemeyer and Buffett (2006) suggested that these abrupt increases
during interglacial periods could be accounted for by the release of subglacial methane
clathrates trapped beneath the Laurentide ice sheet. More recent studies expanded on this
modeling to estimate the subglacial methane pool that may exist beneath modern ice
sheets, and predict that 70 to 390 Pg of methane could currently exist beneath the East
Antarctic ice sheet (Stibal et al 2012b, Wadham et al 2012).
Although these subglacial methane reserves could potentially contribute to global
warming they have remained an overlooked source of atmospheric methane. In fact, very
few studies have looked for evidence of methane and methanogenesis in subglacial
environments (Boyd et al 2010, Christner et al 2012, Hamilton et al 2013, Miteva et al
2009, Skidmore et al 2000, Souchez et al 1995, Souchez et al 2006, Stibal et al 2012b,
Wadham et al 2012). These studies, however, have provided strong evidence that large
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quantities of methane are stored beneath the Greenland ice sheet (GrIS), as well as other
ice bodies. Data from three ice core drilling projects (North Greenland ice core project
(NGRIP), Greenland ice core project (GRIP), and Greenland ice sheet project 2 (GISP2)
reported high methane concentrations ranging between 70 to79 nM , 6000 ppmv, and
11600 ppmv, respectively, beneath the GrIS (Christner et al 2012, Miteva et al 2009,
Souchez et al 1995). Importantly, the δ13C of CH4 from both GRIP and GISP2 ice cores
(-81‰ to -84‰ and -74‰ to -79‰, respectively) were indicative of microbial production
(Miteva et al 2009, Souchez et al 2006). In suit with these findings dissolved methane,
ranging in concentration from 16 to29 ppmv, has also been found in the pore water of
subglacial sediments beneath Robertson Glacier in the Canadian Rockies (Boyd et al
2010).
Several studies have further expanded on these findings by investigating the
presence and activity of subglacial methanogens using culture dependent and independent
methods. Subglacial sediment samples collected from John Evans Glacier generated
methane with a biological δ13C signature (-73.3‰) when supplemented with dilute media
and incubated under anaerobic conditions (Skidmore et al 2000). Also, rates of
methanogensis ranging from 21.6 pmol CH4 g-1 day-1 to 1200 pmol CH4 g-1 day-1 have
been estimated for subglacial sediments from Arctic and Antarctic glaciers (Boyd et al
2010, Stibal et al 2012b, Wadham et al 2012). Furthermore, basal ice and sediments
collected from beneath glaciers and ice sheets have also revealed the presence of
methanogen 16s cDNA (complimentary DNA, reverse transcribed from 16s rRNA
molecules) and rRNA gene sequences (Boyd et al 2010, Hamilton et al 2013, Miteva et al
2009, Stibal et al 2012b).
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These studies have made strong arguments about the presence and potential
impact of subglacial methanogens and methane. However, very little work has been
carried out that would provide context for the fate of subglacial methane at marginal
zones along major ice sheets, where subglacial methane is most likely to have the greatest
impact. Further, the presence and activity of methane oxidizing bacteria at these marginal
zones as important key players in the subglacial methane budget and carbon cycle have
not yet been described. In this study we establish that subglacial methane of biological
origin is released from subglacial environments during periods of seasonal melt, and is
accompanied by an active population of methane oxidizing bacteria at sites of subglacial
discharge. This was carried out by analysis of dissolved methane, a time course
incubation to observe methane oxidation, and by phylogenetic characterization of 16s
cDNA and pmoA cDNA (reverse transcribed from pmoA mRNA) clone libraries from
subglacial water. From these data we estimate rates of methane oxidation associated with
these environments and rates of subglacial methane efflux.
Methods
Site description. Two sites of subglacial discharge Sub1 (Russell Glacier at 67°
7’ 6” N, 50° 10’ 5” W) and Sub2 (Isunguata Sermia Glacier at 67° 9’ 24” N, 50° 3’ 54”
W), a moraine stream (Sup1, 67° 9’ 24” N, 50° 3’ 54” W), and a supraglacial stream
(Sup2, 67° 7’ 6” N, 50° 10’ 5” W) north of the town of Kangerlussuaq in southwestern
Greenland were selected for molecular and dissolved methane analysis (Figure 1). These
sites are in the catchment area of the Akuliarusiarsuup Kuua River, the northern branch
of Watson River, which ultimately drains into the Kangerlussuaq Fjord. The organic
carbon content and previous identification of methanogen 16s rRNA genes associated
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with subglacial sediments provided the impetous to sample at this location (Stibal et al
2012a, Yde et al 2010).

Figure 1. Map of Greenland showing sampling sites at the western margin of the GrIS. A)
Subglacial outflow (Sub1) and supraglacial stream (Sup2). B) Subglacial outflow (Sub2)
and atmosphere equilibrated moraine river (Sup1).

Sample collection. Dissolved Oxygen (DO) and electrical conductivity (EC) were
measured at each site and served as proxies indicating the contribution of supraglacial
melt to the subglacial discharge system (Collins 1979). These measurements were taken
using a WTW MultiLine® IDS Multi 3430 equipped with digital DO and EC probes.
Starting August 8 2012 and ending September 9 2012 water samples for dissolved
methane analysis were collected twice a week from Sub2, once a week from Sup1, and
opportunistically from Sub1 (eight sampling days)when DO was low and EC was high,
indicating that the supraglacial meltwater contribution to the discharge was diminished.
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Samples were collected in 120 mL serum vials without headspace in duplicates, one of
which was fixed with 0.5mL of 100% HCl. Samples were stored at 4°C until further
processing. Samples for nucleic acid extraction were collected on August 8 2012 (Sup2)
and September 9 2012 (Sub1). For both samples approximately ten liters of water was
filter concentrated onsite onto 142 mm Supor® membrane filters (PALL), and preserved
in RNALater™ (Ambion). The samples were incubated at 4°C for 16 hrs prior to
freezing. All samples were shipped on ice until arrival at Louisiana State University
where nucleic acid samples were stored at -80°C and water samples at 4°C.
Additional samples were collected approximately one year later at Sub1 on
August 31, 2013. Twenty seven subglacial water samples were collected in 160 mL
serum vials without headspace. Three of these vials were fixed on site with 0.5 mL of
100% HCl. For the remaining samples triplicate sets were fixed in the field with 0.5 mL
of 100% HCl at 24, 48, 72, and 96 hours post sample collection, and the final time point
was fixed upon return to the lab at 33 days post collection. From a nearby atmosphere
equilibrated river a separate triplicate set of samples were collected and fixed on site in
an identical manner. EC and DO measurements were taken as was done the previous
year. All samples were stored at 4°C and transported on ice until arrival at Louisiana
State University (LSU). In addition to the collection of these samples triplicate field and
triplicate lab controls were prepared. These controls were constructed by displacing 5 mL
of deionized (DI) H2O from a 120 mL sealed serum vial filled without headspace with 10
cm3 of 11,000 ppm CH4. Headspace and DI H2O were equilibrated, and the headspace
replaced with CH4 equilibrated DI H2O from another prepared serum vial. The field
controls were transported into the field and returned with collected samples.
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Dissolved methane and isotope analysis. Prior to analysis the water samples
were allowed to warm to 22°C overnight. Subsequently, for the samples collected in 2012
each sample vial had 4 cm3 of sample replaced with 5 cm3 of ultra-high purity N2 gas.
The samples collected in 2013 had 15 cm3 of sample replaced with 16 cm3 of ultra-high
purity N2 gas. The samples were vortexed at 22°C for 5 minutes to equilibrate dissolved
gases in the water sample with the nitrogen headspace. Dissolved methane measurements
were conducted via headspace analysis using an SRI 8610C gas chromatograph equipped
with a 1 meter porpak Q column and a flame ionization detector. Carrier gas was ultrahigh purity helium gas operating at a 20 cm3 min-1 flow rate, and all measurements were
conducted at standard temperature (22°C) and pressure (1 atm). Peak areas were
quantified using an eDAQ Powerchrom acquisition and analysis system.

A

representative group of 14 fixed water samples collected in 2012 from Sub1 (August 9th,
10th, and 30th, and September 1st, 5th, 7th, and 9th) and Sub2 (August 13th, 16th, 27th, 29th,
and 30th, and September 1st and 7th), and three unfixed samples from Sub2 (August 27th,
29th, and 30th) were selected for δ13C measurement by the Stable Isotope Laboratory at
the University of Arkansas. Sample dissolved gas was extracted using a membrane
extraction method developed by the Stable Isotope Laboratory and analyzed using cavity
ring down spectrometry.
Nucleic acid sample analysis. RNA was extracted and reverse transcribed to
cDNA via methods described in Dieser et al. (Manuscript in preparation 2013). In its
basics, this extraction protocol followed a conventional lysozyme and bead beating lysis
method followed by a phenol/chloroform extraction and alcohol precipitation. Purified
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RNA extracts were reverse transcribed using SuperScript® II (Invitrogen) and random
hexamers.
Resulting cDNA from rRNA and mRNA transcripts were subject to polymerase chain
reaction (PCR) amplification using specific primers targeting methanogen and
methanotroph 16s rRNA genes and functional genes mcrA, mxaF, and pmoA, respectively
encoding for subunits of methyl coenzyme M reductase, methanol dehydrogenase, and
particulate methane monooxygenase subunit A, key enzymes in production and oxidation
of methane. Primer sequences are listed in Table 1.
Table 1: Primers used in this study for the amplification of the 16s rRNA gene and
mRNA transcripts
Primer
Sequence (5'-3')
Target
Reference
146F

GGSATAACCYCGGGAAAC

Methanogen 16s rRNA

(Marchesi et al 2001)

1324R

GCGAGTTACAGCCCWCRA

Methanogen 16s rRNA

(Marchesi et al 2001)

A571F

GCYTAAAGSRICCGTAGC

Archael 16s rRNA

(Baker et al 2003)

A1204R

TTMGGGGCATRCIKACCT

Archael 16s rRNA

(Baker et al 2003)

TypeIF

ATGCTTAACACATGCAAGTC
GAACG

Type I methanotroph16s
rRNA gene

(Chen et al 2007)

TypeIR

CCACTGGTGTTCCTTCMGAT

Type I methanotroph16s
rRNA gene

(Chen et al 2007)

TypeIIF

GGGAMGATAATGACGGTAC
CWGGA

TypeIIR

GTCAARAGCTGGTAAGGTTC

A189

GGNGACTGGGACTTCTGG

pmoA

(Holmes et al 1995)

A682

GAASGCNGAGAAGAASGC

pmoA

(Holmes et al 1995)
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Type II
methanotroph16s rRNA
gene
Type II
methanotroph16s rRNA
gene

(Chen et al 2007)

(Chen et al 2007)

(Table 1 continued)
Primer

Sequence (5'-3')

Target

Reference

1003F

GCGGCACCAACTGGGGCTGG
T

mxaF

(McDonald and
Murrell 1997)

1555R

CATGAABGGCTCCCARTCCA
T

mxaF

(McDonald and
Murrell 1997)

MLR

GGTGGTGTMGGATTCACACA
RTAYGCWACAGC

mcrA

(Luton et al 2002)

MLF

TTCATTGCRTAGTTWGGRTA
GTT

mcrA

(Luton et al 2002)

All PCR reactions included an initial denaturation at 95°C (3 min) and a final
extension step at 72°C (10 min). Amplification of methanogen sequences required nested
PCR using archaeal specific 16s primers A571F and A1204R. All reactions were carried
out in 25 µL volumes containing 1 µL of cDNA template (~10 ng), 0.6 µM of each
primer set, 1X Taq master PCR enhancer, 1X Master Taq buffer with Mg2+, 0.2mM
dNTP mixture, and 1.25 units of Taq DNA polymerase. Reaction conditions for both the
initial and nested rounds of amplification for methanogen 16S rRNA gene templates were
as follows (Stibal et al 2012b): 32 cycles of denaturation at 94°C (45 sec), annealing at
52°C (1 min), and extension at 72°C (1 min). Methanotroph 16S sequences were
amplified with the following reaction conditions as described in Chen et al (2007): 35
cycles of denaturation at 94°C (1 min), annealing at 60°C (1 min), and extension at 72°C
(1 min). Amplification of mcrA was carried out with the following reaction conditions: 40
cycles of denaturation at 95°C (1 min), annealing at 49.9°C (1 min), and extension at
72°C (30 sec). PCR amplification of pmoA and mxaF used the following conditions
described in Chen et al (2007): 35 cycles of denaturation at 95°C (1 min), annealing at
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55°C (1 min), and extension at 72°C (1 min). In order to obtain sufficient product for
cloning, a second round of amplification was necessary for pmoA amplicons. Therefore,
initial pmoA amplicons were subsampled into a second PCR for an additional 15 cycles.
To test for contaminating DNA in RNA extracts, all reactions included DNAse treated
non-reverse transcribed RNA, and procedural blanks.
All PCR products were cloned using the Promega pGEM® T-Easy vector system.
However, due to the amplification of primer dimers during additional rounds of PCR,
amplicons generated using pmoA primers were gel purified using MP Biomedical
GeneClean® Spin Kit while all other PCR products were left unpurified prior to cloning.
Forty-eight clones from each library were selected for uni-directionally sequencing with
T7F primer using ABI BigDye® Terminator v3.1 and an ABI 3130XL Genetic analyzer.
Sequences were trimmed using BioEdit v7.1.3. Alignments for 16s libraries were
performed using Silva incremental aligner v1.2.11, and pmoA alignments were carried
out using the HMMER3 FunGene aligner. Operational taxonomical units (OTUs) were
classified using Mothur v1.30.1 (97% nucleic acid identity for 16s rRNA gene sequences
and 93% amino acid identity for pmoA sequences) and phylogenetic trees were assembled
using MEGA v5.2.2.
Results
Dissolved methane and δ13C methane isotopic analysis. During early stages of
the 2012 sampling period Sub1 discharge water had a significant supraglacial
contribution (Figure 2A). The values for EC were low (6.9 µS cm-1) and DO were high
(14.8 mg L-1); these proxies indicate that the subglacial discharge was being diluted by
supraglacial meltwater. Later in the season, however, supraglacial melting slowed and
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contributed less to the discharge water. The diminished supraglacial contribution was
evidenced by higher EC (64.0 µS cm-1) and lower DO (10.14 mg L-1) measurements.
These observations correlate well with the dissolved methane concentrations found in the
same water (Figure 3, CH4:EC Pearson correlation; r= 0.9846, p<0.0001 and CH4:DO
Pearson correlation; r=-0.9901, p<0.0001). Dissolved methane concentrations in water
from Sub1 were highest (85 µM) during latter half of the sampling period and lowest (2.7
µM) during the earlier half of the season when the supraglacial meltwater contribution
was the highest. The δ13C-CH4 analysis of these samples revealed isotopically light
signatures ranging between -64‰ and -62‰.
Surprisingly very little change was observed in the EC and DO for Sub2 (Figure
2B). Despite little change these measurements still present a trend showing lower EC
values (3.4 µS cm-1) and higher DO values (14.29 mg L-1) early into the sampling period
and higer EC (20.1 µS cm-1) and lower DO (12.69 mg L-1) later in the period, indicative
of a reduced contribution of supraglacial melt later in the season. However, unlike Sub1
increased dissolved methane concentrations were not associated with decreases in the
supraglacial contribution to discharge. At Sub2 these dissolved methane concentrations
ranged between 0.98 µM and 12 µM with δ13C-CH4 ranging between -66‰ and -52‰.
At the moraine river, Sup1, EC and DO changed very little (Figure 2C). As this
site serves as an atmosphere equilibrated comparison to the subglacial water, DO is a
much more important physicochemical proxy than EC. The DO measurements at Sup1
indicated near maximum oxygen saturation (13.7 mg L-1 to 14.0 mg L-1 at ~0 to 0.1 °C)
throughout the entire sampling period and indicate equilibration with the atmosphere.
Dissolved methane concentrations for the atmosphere equilibrated moraine river Sup1
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ranged from 7.8 nM to 16 nM, which were approximately 200 to 1000 fold lower than in
the subglacial discharge sites.
Analysis of dissolved methane concentrations in unfixed water samples followed
a four to five month incubation at 4°C. All unfixed samples exhibited decreased methane
concentrations as compared to the respective fixed replicates. On average unfixed
samples from Sub1 and Sub2 had respectively 99.98 +/- 0.02 % and 99.74 +/- 0.48 % less
dissolved methane than the fixed replicates. The depletion of dissolved methane present
in the unfixed samples limited isotopic analysis of residual methane to only three samples
(August 27th, 29th, and 30th). δ13C-CH4 values for these samples were -29.04‰, -33.92‰,
and -61.56‰. Comparison of these values to their respective fixed counterparts reveals
enrichment of isotopically heavy CH4.
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Figure 2. Dissolved methane concentrations for (●) fixed and () unfixed water samples,
(■) electrical conductivity (EC), and (♢) dissolved oxygen (DO) concentrations for A)
subglacial site Sub1, B) subglacial site Sub2, and C) atmospheric equilibrated control
moraine river Sup1.
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Methane oxidation time course. In order to verify the methane oxidation results
of the 2012 sampling and to gauge the level of variability associated with subglacial
methane discharge, additional sampling was carried out during a revisit to Sub1 on
August 31, 2013. EC and DO were 10.8 µS cm-1 and 15.3 mg L-1, which was within the
range measured throughout the sampling period the previous year. The dissolved methane
concentrations were 2.25 ± 0.08 µM for time point zero of the time course, which is
representative of the concentration in the discharge water (Figure 4). At the final time
point (33 days post collection) dissolved methane concentrations in the samples were
0.03 ± 0.02 µM. The time course incubation exhibited an approximate 99% reduction
over the course of 33 days, and a 54% reduction within 4 days (Figure 4). When plotted
versus incubation time, the dissolved methane concentrations exhibited a first order decay
(rate constant= -0.138, R2= 0.98).

Figure 4. Time course incubation plot of subglacial discharge water CH4 versus time
incubated post collection. Error bars are standard deviation. An exponential regression is
fit to the data, R2=0.98.
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The dissolved concentration of methane in the atmosphere equilibrated river was 0.01 ±
0.001 nM, approximately 225 fold lower than the concentration in the outflow.
Unfortunately one of three replicates for the 24 hour time point was damage while in
transit to LSU. Dissolved methane concentrations in the field and lab controls were 19.2
± 0.63 and 18.75 ± 0.97 μM, respectively.
Phylogenetic characterization of 16s cDNA and pmoA cDNA libraries. In
order to infer that the microbes present in the supra- and subglacial water were recently
active it was necessary to focus the nucleic acid analysis on rRNA and mRNA
transcripts. As such all phylogenetic analyses are based on RNA sequences obtained via
reverse transcription to cDNA. PCR amplification of methanogen and methanotroph 16s
rRNA sequences was successful in both supraglacial and subglacial cDNA. However,
pmoA amplicons were only detected in subglacial water. While, all other functional gene
targets (mcrA and mxaF) were not detectable in either the supraglacial or subglacial
samples.
Phylogenetic analysis of the methanogen clone libraries revealed three and two
OTUs unique to the supraglacial and subglacial clone libraries respectively. OTUs were
not shared between the two environments (Figure 5). All supraglacial methanogen OTUs
clustered closely together in the order Methanosarcinales, with the most abundant OTU,
representing 95% of the clone library, grouping near the cultured organism
Methanosarcina mazei (99% identity) and the remaining OTUs grouping with several
methanogen clones from permafrost and subglacial sediments. Subglacial methanogen
OTUs were divided between the orders Methanosarcinales and Methanomicrobiales,
with the most abundant subglacial methanogen OTU, comprising 88% of the clone
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library, affiliating with Methanosarcinales clones from subglacial sediments of
Robertson Glacier at 99% identity (Figure 5). The second subglacial OTU was closely
related to Methanoregula formicicum at 98% identity.

Figure 5. Neighbor joining tree of 16S cDNA methanogen clone libraries from
supraglacial and subglacial samples. Circles (●) mark subglacial clones and diamonds (♦)
mark supraglacial clones. Numbers in parentheses indicate the number of clones assigned
to the OTU with a ≥97% identity. Bold sequences represent environmental clones from
other subglacial systems. Sequences were aligned using Silva Incremental Aligner and
tree assembled using MEGA v5.2.2. Tree was rooted with Clostridium frigoriphilum and
bootstrap values (1000 replications) > 50% are shown. Scale bar represents 5%
divergence of nucleic acid sequence. Other methanogen orders are included for reference.
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The methanotroph clone libraries were distinctly different between the supra- and
subglacial environments (Figure 6). Type I methanotroph (γ-Proteobacteria) 16s rRNA
gene sequences were only found in the subglacial water, while 16s rRNA gene
sequences related to Type II methanotrophs (-Proteobacteria) were only detected in
supraglacial water. The subglacial methanotroph clone libraries showed type I sequences
that were composed of six OTUs, which clustered in the order Methylococcales with the
most abundant OTU (42% of the library) grouping closely to Methylobacter
tundripaludum (99% identity). Conversely, sequencing of the supraglacial libraries failed
to reveal any Type I methanotrophs. Type II methanotrophs in the supraglacial libraries
were affiliated with the order Methylocystaceae and were closely related to Methylocystis
rosea (96% identity).
The particulate methane monooxygenase enzyme catalyzes the conversion of
methane to methanol and is thought to be expressed by all methantrophs (Hanson and
Hanson 1996). However, due to the pmoA gene’s close relationship with ammonia
monooxygenase (amoA), a simple PCR detection of amplicons using primers targeting
the pmoA gene is insufficient to conclude active transcription of the methane oxidation
gene. Therefore, phylogenetic comparison to characterized AmoA sequences and
analysis of the PmoA clone library was carried out. Phylogenetic characterization of the
PmoA library was preceded by translation of the clone sequences and OTU selection
based on a 7% amino acid cutoff (Degelmann et al 2010). The subglacial PmoA library
contained only five OTUs, none of which grouped amongst environmental clusters
included in the analysis (Figure 7). The most abundant OTU (74% of clones) from this
library grouped very closely to Methylobacter tundripaludum PmoA (99% amino acid
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identity), while the remaining four OTUs grouped closely with M. psychrophilus (9096% amino acid identity).

Figure 6. Neighbor joining tree of methanotroph 16s cDNA clone libraries from
supraglacial and subglacial samples. Circles (●) mark subglacial clones and diamonds (♦)
mark supraglacial clones. Numbers in parentheses indicate the number of clones assigned
to the OTU with a ≥97% identity. Bold sequences represent environmental clones from
other subglacial systems. Sequences were aligned using Silva Incremental Aligner and
tree assembled using MEGA v5.2.2. Tree was rooted with Clostridium frigoriphilum and
bootstrap values (1000 replications) > 50% are shown. Scale bar represents 5%
divergence of nucleic acid sequence.
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Figure 7. Neighbor joining tree of amino acid translated pmoA cDNA clone library from
subglacial sample. Circles (●) mark subglacial OTUs. Numbers in parentheses indicate
the number of clones assigned to the OTU with a ≥93% identity. Amino acid sequences
were aligned using HMMR3 aligner and tree assembled using MEGA v5.2.2. Tree was
rooted with AmoA amino acid sequences and bootstrap values (1000 replications) > 50%
are shown. Scale bar represents 7% divergence of amino acid sequence.
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Discussion
Methanogenesis is thought to occur in the aquatic subglacial environments
beneath the world’s glaciers and ice sheets. These environments are thought to be cold,
dark, and anoxic, with the overlying ice bodies that form these environments preventing
the input of sunlight and atmospheric gases. Thus the only source of oxygen in these
environments is often that which is released from bubbles during the melting of the
overlying ice. Consumption of this limited supply of oxygen is thought to occur quickly
through microbial oxidation of carbon and sulfide minerals (Tranter et al 2005, Wadham
et al 2008). This ultimately results in the establishment of anoxic conditions in these
environments, favoring metabolic strategies such as methanogenesis. However, in some
locations at glacial margins surface meltwater cuts through glacial ice, accesses the
subglacial environment, and eventually exits the glacier altogether. This meltwater
tunneling forms a channelized drainage system that transports atmospheric gases and
allochtonous nutrients to confined regions of the subglacial environment and establishes
zones where the oxic water and anoxic waters can interact (Tranter et al 2005).
Subglacial methane and methanogenesis. Previous evidence of subglacial
methane and methanogens has come mainly from studies of ice cores and subglacial
sediments (Boyd et al 2010, Christner et al 2012, Miteva et al 2009, Skidmore et al 2000,
Souchez et al 1995, Stibal et al 2012b, Wadham et al 2012). These studies suggest a
significant pool of methane exists beneath the Earth’s ice sheets, and infer activity of
subglacial methanogens from enrichment culture techniques using subglacial sediments.
Though it has been hypothesized that subglacial methane is released during glacial melt
and retreat, it is to the extent of the author’s knowledge that this study is the first to
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directly measure subglacial methane release at ice sheet margins. Admittedly the lack of
replicate sampling of the subglacial methane limits discussions regarding seasonal trends.
However, the concentrations of methane measured, 0.98 µM to 82 µM, are significantly
higher (1500x on average) than those measured in a nearby atmosphere exposed moraine
river. The 2013 resampling of the subglacial water for dissolved methane demonstrated
repeatability of the observations made during the 2012 season, and remained relatively
high with little variation (2.25 ± 0.08 µM). Although seasonal sampling could not be
carried out in 2013, it is likely that, as seen in 2012, methane efflux occurred throughout
the melt season. Importantly, these dissolved methane concentrations are well within the
range of those observed in wetlands and temperate swamps and based on δC13 stable
isotope measurements are of biological origin (Amaral and Knowles 1994, Devol et al
1988, Whiticar 1999). Further, two interesting observations are the correlations between
methane concentrations and the physicochemical (DO and EC) measurements from Sub1
and Sub2. The correlation of these parameters indicates a subglacial source for the
methane at Sub1. While intuitively the lack of correlation at Sub2 would nullify this
interpretation, the differences in correlations actually indicate that the waters discharged
at these sites originate from separate sources.
Typical δ13C signatures for biologically derived methane range between -50‰ to 110‰, with carbonate reduction and methyl-type fermentation generally occupying the
lighter and heavier signatures within this range, respectively. The subglacial methane
analyzed in this study ranged between -51.7‰ and -66.4‰, which suggests the methane
souce is a mixture of the two types of methanogenesis or that in situ methanotrophy has
depleted the isotopically light fraction of the methane pool. Comparatively, these
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methane signatures are much heavier than those measured in the GRIP (-81 to -84‰) and
GISP2 (-76‰) ice cores, which were much more characteristic of the carbonate reduction
form of methanogenesis (Miteva et al 2009, Souchez et al 2006). This difference could be
explained by the possibility that the subglacial carbon reservoir at the GRIP and GISP2
core sites may have been depleted of fermentative material long ago and transitioned to
CO2 reduction as these regions have been isolated from carbon input for at least 110 ky,
while the carbon reservoir at the marginal region studied here is much younger (1880 y)
and potentially could still contain fermentable substrates (Stibal et al 2012a). These sorts
of transitions have been observed in freshwater wetlands (Hornibrook et al 1997).
Further support for these findings is found in molecular data from this and
previous studies. Methanogen 16s rRNA sequences obtained in this study, using reverse
transcribed RNA, and 16s rRNA gene sequences obtained in previous studies were found
belonging to the orders Methanosarcinales and Methanomicrobiales. Of these two orders,
Methanosarcinales is generally a metabolically diverse order capable of CO2 reduction,
acetate fermentation, and methylotrophic methanogenesis, while Methanomicrobiales is
generally restricted to carbonate reduction (Ferry 2010). The intrinsic lability of RNA
molecules and the presence of methane in waters originating from the subglacial
environment support the hypothesis that active subglacial methanogenesis exists beneath
GrIS and is actively being released into the proglacial environment.
Methane oxidation. At ice sheet margins networks of supraglacial channels are
capable of penetrating into the subglacial environment. Where this occurs, the
oxygenated surface melt water can interact and mix with the subglacial waters
establishing areas where fully oxygenated water can be supplemented with high
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concentrations of subglacially derived methane (Hewitt 2011, Hodson et al 2008). The
establishment of these conditions should foster the enrichment of obligately aerobic
methanotrophs. However, previous work has failed to identify any potential sources of
microbial methane oxidation associated with subglacial methane or methanogens (Stibal
et al 2012b). Despite these past difficulties, data presented in this current study is the
first to provide characterization and evidence of an active methanotrophic community
associated with ice sheet margins and the subglacial system.
The molecular analysis of subglacial waters using reverse transcribed RNA
provides the opportunity to infer recent microbial activity and function in the subglacial
environment. This is particularly useful when applied to the characterization of
methanotroph 16s rRNA and pmoA mRNA transcripts. Characterization of pmoA
transcripts are of particular benefit as their translated products regulate the first step in the
oxidation of methane, and therefore the presence of pmoA sequences in subglacial water
are indicative of active methane oxidation. Phylogenetic characterization of subglacial
methanotroph 16s cDNA and pmoA cDNA libraries shows agreement with both of their
most abundant OTUs being closely related to M. tundripaludum. This suggests that
organisms closely related to this psychrophilic methanotroph are active in the subglacial
water. Additionally, all unfixed water samples showed greatly depleted concentrations of
methane and two of the three samples isotopically analyzed carrying heavy δ13C
signatures. This is indicative of a biological isotope effect where the biological oxidation
of methane is biased towards the oxidation of light isotopes leaving behind isotopically
heavy methane (Whiticar 1999). To further support these data, the time course incubation
demonstrated a time dependent methane loss that could be killed with administration of
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HCl. Together these three lines of evidence provide strong support that microorganisms
closely related to M. tundripaludum are actively metabolizing the methane in the
subglacial discharge.
The source of methanotrophs in the subglacial water is, surprisingly, not clear.
Comparison of supraglacial and subglacial clone libraries indicates that an unique
assemblage of Type I methanotrophs are present in the subglacial waters, while Type II
methanotrophs are found in supraglacial water. Assuming that methanotrophs present in
subglacial water originated from supraglacial meltwater entering the subglacial
environment it would appear that the subglacial environment selects for Type I
methanotrophs over Type II. Typically competition between Type I and Type II
methanotrophs favors Type II under combined low oxygen and nitrogen concentrations
with high concentrations of methane, while Type I are favored under high oxygen and
low methane conditions (Hanson and Hanson 1996). Coincidentally, DO concentrations
in subglacial water were at or near saturation throughout most of the sampling period.
Summary. This study demonstrates that biologically derived methane, originating
in subglacial aquatic systems beneath the GrIS, is present in subglacial discharge water
throughout the melt season. This conclusion suggests that subglacial methane could
significantly contribute to atmospheric concentrations due to the sheer volume of
subglacial water released during the melt season. Therefore, using cumulative discharge
estimates associated with the drainage catchment sampled in this study (~0.16 km3 a-1), it
is estimated that up to 212 Mg CH4 a-1 is released from this catchment (Rennermalm et al
2012). It is important to point out that this catchment alone contributes ~0.04% of the
total GrIS runoff, which when the efflux is extrapolated to the entire ice sheet the efflux
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of methane approaches that of permafrost globally (Bamber et al 2012, Kirschke et al
2013).
While the efflux of subglacial methane is of significant importance, the presence
and activity of methanotrophs in the associated water may help to constrain the impact of
this methane source. Due to the lack of described methanotrophs associated with ice sheet
marginal zones previous estimates of ice sheet methane efflux have concluded that
methane oxidation is likely insignificant. Our findings, based on the time course
incubations, show that methane oxidation is a potentially active form of metabolism
occurring beneath the western margin of the GrIS. Methane oxidation rates estimated
using the rate constant obtained from our data suggest that oxidation rates are
approximately 0.31 µM CH4 day-1. This rate associated with Sub1 is greater than many
rates observed in marine systems. Methane oxidation rates in the Gulf of Mexico can be
as high as 56.9 nM day-1, while rates observed in the Saanich Inlet, British Columbia do
not exceed 0.15 nM day-1 (Kelley 2003, Ward et al 1989). These rates are well below our
estimates, which actually are more comparable to those seen in Mono Lake, California.
Rates at this alkaline salt lake range between 59 and 123 nM CH4 day-1, which are 2.5x
lower than our estimate at the subglacial discharge site Sub1 (Carini et al 2005).
However, it is still difficult at this time to assess the impact that methanotrophy has on
the subglacial efflux of methane though the rate of oxidation is likely insignificant
compared to the degassing of dissolved methane into the local atmosphere.
Subglacially derived methane has been of particular interest in recent years and has been
proposed as a potentially overlooked pool of carbon that is often not included in global
carbon budgets. Data presented here have further supported this assertion and provide
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important information necessary to consider when addressing the impact of subglacial
methane on global carbon cycling. Release of subglacial methane during periods of melt
has been clearly demonstrated here and coupled with evidence supporting the existence
of active microbial oxidation. This data does not indicate that aerobic methanotrophy
would significantly impact the catastrophic release of Antarctic subglacial methane
predicted by Wadham et al (2012). However, this and other questions remain to be
answered. The data from the summer of 2012 was collected without replicate
measurements, preventing any analysis of variation that may occur during the melt
season.
Future directions
Subglacial reservoirs of methane have been for many years hypothesized to have
acted as major contributors to sudden global temperature spikes observed in
paleoclimatic records (MacAyeal and Lindstrom 1990, Wadham et al 2008, Weitemeyer
and Buffett 2006). The discovery that large effluxes of subglacial methane during
seasonal melt are ongoing at the margins of the GrIS is an exciting revelation. This
source of methane is a previously overlooked contributor to the global carbon cycle, and
this fact exemplifies the impact of climate feedback on key elements of global warming
as continued melting of the GrIS may lead to further release of subglacial methane. In
order to account for the contribution of subglacial methane to current global carbon
budgets and global warming models several questions must be addressed, most of which
pertain to the top down regulation by methanotrophic bacteria. The first question: 1)What
environmental conditions shape the methanotrophic community at sites of subglacial
discharge? It was observed in this study that Type I OTUs are more abundant in
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subglacial outflow water than are Type II OTUs, even when using the pmoA clone
library. This community of Type I methanotrophs is composed of six closely related
OTUs with close phylogenies to M. paladum and M. psychrophilus. Two species that
happen to make up as much as 50% of the methanotroph clone sequences obtained from
cold environments (Borrel et al 2011). The simple structure of the methanotroph
community may make it sensitive to perturbations of environmental conditions. This
could have a huge effect on the amount of CH4 that could release into the atmosphere
when considering in some environments 90% of the insitu CH4 is consumed by
methanotrophs (Segers 1998). The second question: 2) How active are methanotrophs in
these environments? The samples from which oxidation rates were calculated from in this
study unfortunately were not incubated under controlled conditions for oxygen. Oxygen
consumption is a key component of the methane oxidation process and would be
consumed along with the methane effecting the overall rate of methane oxidation (Borrel
et al 2011). Estimations of the impacts of methanotrophy on subglacial methane would
benefit greatly from controlled experimentation. There also lacks an endmember that
could provide some indication of the amount of methane within the anoxic zone of the
GrIS margin. Currently there is no indication of how much methane was oxidized within
the channelized drainage system prior to exiting and collection. The third question: 3) Is
there any seasonal and/or spatial variation to the subglacial efflux and associated
microbial communities? If there is variation what factors control it? What role do these
different communities and methane discharges play in global carbon budgets? These
questions will require intense investigation of subglacial outflows throughout Greenland,
and will require a better understanding of the subglacial hydrology of the GrIS.
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